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A variable stabil i ty test bed is uncfcr clcvclL~prlJL[)t l~t [1 L

N a t i o n a l  IIigllway 7i_aflic Safety Acllninist]fitiotl (N] ! i ! /\ ,

‘l’he  Wrriablc  Ilylm[llic ‘Icstbccf  Wi3icic (V1l’1 V )  i .  1) ill ,

cfcsigncd  f o r  l-cscarch and t e s t i n g ,  o f  aclvar]{tuj  L ( Ii if, )

wartling and avoidance technologies bcin:, &:vclt)I1.  ii t ~
industry and tnost likely bciil~,  made available 10 cl.~!i,>:]l (1.

in the near fu~urc. I’hc VIY1’V  wit] rrkO be uscci in’ N} I l’S~ ill

support of the Autorllatcd }lighwrry System (Al lSj l’Ii  I~I ,111

and possibly by the AEIS proy,ranl  ciircctly.

l’he VIY1’V  wil l  have advanced dynamic SU[)<JS[L],,, ~,;

c a n  b e  variecl by o n  o[]-board ~~rog,r:]tl]]l~:lt]lc CL):!lI]L  L

Suspension, steering, throttle, a n d  brakinp,  w ill {Ill, i)

eont[olled tllrotrgh selected algorithms that may tjl;  (il~ll~rc,  t ,

i]rovidc a  r e a s o n a b l y  b r o a d  r a n g e  o f  vclti[ It {j> }i:i ii

c h a r a c t e r i s t i c s .  “[’he vchiclc is inherently a .!! ilt 1>>-J  ir.

systctn,  is instlunlet]tccl fof b o t h  v e h i c l e  atld  II UII):III  f(I ((

measurcmen[s, a n d  i s  thcrcfme ide~lly sui[c  J t) 1[1 11))

intell igent ‘fiallsporlation Systctns  (11’S) applic:itifl[~i
‘1’his paper dcscl  ibcs the i[itcnde(f uses of III( \’1 ) J i? II), ~

t h e  v e h i c l e ’ s  spcciflcaticrns  that  were clevclopc~i b.v :11( Jt

Propu ls ion 1.aboratol  y (J1’1 t). It also dcscrib~s  II(C OJ.LI It< (I
dynamic analyses tllal were conducted by Jl)l pi ]ft l,, ,IM i,

o f  a s y s t e m  contmct to industly fc)r tile dctailc(: (J L’ii:I,rJ rlt

construction of the vehicle. ‘1 he :ina]ysis shows ‘.l\c d: [[l II

elnulation c a p a b i l i t i e s  of tllc VtY1’V,  os WCII as c~.;,~( (h

d y n a m i c  pclfwmanct i]] l i m i t  pcrfor]nancc si!il;lt)fjll I Iii

would be ct]counterec]  in severe crash avoiciancc  III ir,  cLI \ it S.

BACKG ROUN1  )

JPL  concluctccl  a study for NIITSA in 1994 (I<cli)( ~ (L I ;

that examined the need fcM a test vel~icle  with froli}l. . 1}.[

those of the VI)I’V. ‘1’hc s[udy also considered Illc ~[~,  ,1( I
tin]c to acc]uiw  s u c h  a  c a p a b i l i t y  a n d  lo<~kc[i ;It ‘. : ‘,, ( ,,!

con figuratio[ls (Imt  Wc[-c cicsi:nccl f o r  spcci{ic  :l~~~]i)c  J! lr IS

The study foul)d that a VI YJ’V would be bcncfi( ill, II(I[  I. I III

t o  N} I”l’SA, but potcl]tially t o  other c)[g:]l]izitti[)ll:.,  ,! ij II

N} I’1’SA decided to acquire a sit]glc vehicle aIId :Iv;u\LIui  J )1

the dcvelopmcmt  colltlact in  September  1995.  J1’1 SCI(, t:, ::

syilir Ii cor)ti:tctc,r it] .IUIIC I  9 9 6 ,  to clcvc]op  t h e  VD1’V

d~,.’(llliirl[’, to .)}’[ ,’.$  s[)~(ifr(’;i[ions.

1 )t :S[ RI I’I’JON

‘I il~ VI )“1 V tmw vcl]iclc will be in the class of a mid-size

lMIsi [Iger car, ‘I() ttlis base vcl]iclc will be added the following

sLll)s) stcnls  0[ i~’a[or<>:
.

*

●

●

●

☛

✎

●

●

✎

Stwr-tjy-virc, irlcludirlg programmable steering torque

fccdbncli  [0 the dr ivcl

Ilr,jk.cb>-lvirc, including artificial sensory feedback to

!1]< dr ivtr

l’l~rc)tllc-1)>-}fi[c, itlciuding artificial sensory feedback

to the drivrr

Senliactiw or active suspension

Four-w  l]cel  slcurirlf,

Mc~h:lllically or actively variable antirol] bar stiffness

(f’lollt at,d rvar)

Antilock braking systcrli

J’l(~[),12rtlll]);itJlc> Colrt[ol  systcm

Ihl(:i acquisition systclrl

Illtcrfaccs fol test ur)ique  equipnlcnt/scrlsors
kliij(}[ capal)i{ilics 0( tl~c V1)’1’V include:

* J.otcral  (iy]l:ll]lics crl]uiation ofa range c) fprociuction

vct!icics.

●  Al]il~ty to Iwi I’tnfii hii’,fl-g, l imi t  per formance
nm~imvc]s.

. }’rc]gr;l[[lll]ilt>lv controller aiiowing changes to be made

ill Qccr iri:,, t){ dkiilp,,  suspension, and throttle control

al~:lril}lr!ls.

. IX ivc-i,y w irc for iarlc-  foilowin~, plalootting,  0t)13WlC

avoi(ia[tcr  r~.sea! CII.

. II)slrlrl))cllt:,tiorl for vcllicic, subsystem, and driver

nlc:liorcrr]c:rt

●  l)ala acquisitiorl Systcr[l.
“1 II( VI ~“1’V is csj,cctcd  to be used by Nfl’1’SA for crash

i:~’[)i(i,lrlcc  Icstirl q,, by the Nationai A u t o m a t e d  flighway

(olsor(ioll[ i:! v:,! i,,u< arca~ of research, and possibly by the
h]ariwra] Advalwtd 1)1 ivi]l~,  S i m u l a t o r  P r o g r a m  i n  t h e

Yalid;,lion olalp, otitllr[ls ar)d it] complcrncntary  testing,.

li~,urc 1 rlcpicts [I)c co]lct[)t cicscribcd  a b o v e .



ACTIVE OR SIMIJ\(” IIVF:
SUSF’ENSION  SYS,l E Ii!

●  [) RIVE- EIY-WIRE CAPAEJl!.l-i Y ●  COP,! F’UIEI? CONlf/C)Ll.ED SUEISYSTEM

-  Tt{F{OTTLE - F’C)WI. H 1 }{AIN

-  S T E E R I N G -  E~FIAKINc+

-  B R A K I N G - SIE E. f{lNG
-  SUSPENSIC)F4

V1;}IIC;I,E I) YNAhllCS

A dynamics  ana lys is  ~vas performed to iii vis(i:,;[; t] ~~
potent ia l  o f  the V[)TV to efnulate the latcxal ptv ~ori~,;ll,.i  ,j I

range  of p r o d u c t i o n  vchiclc siz,es given the c:li):)l]ilit:.  [(I ,,,,  ,

the steering aip,orithltls and to change  front and IcLr :irlll[[~il :) I

stifncss, I’l]c objcctivc of the study was to 11(1 U(

rcquirwnmts for the vehicle, i n  t h i s  rc~ard,  Illiil  }’,(,( 1{ 1,

included in tllc procul tment ]MCIW8C.

The analysis was conducted using the sinlula[it]l t ;,] ,~~, ,11 I

VDAN1. (Mcllicle  I)yl]amics Ana lys is ,  Non- I  irw:l[ ) dc~t:it:,~  i

by S y s t e m s  ‘Ikch]loiogy lrlcorpomted. ‘1’his 1,1 WII ,,,,i II;.

seventeen cic:, tees of freecionl  arlci a co]nprei]ellsitc vt:l II. k II; i

t ire data  brrse. ‘1’hc p[ogram also has bo[h op~n an(l cic,:,~:i ] ,; ~

c o n t r o l  o p t i o n s  W h i c h  werr used in conjuncli(lll ‘,v il!l fl]mt

w h e e l  steel illg a l g o r i t h m s  a n d  diflirent collisio)i a; ,Ii.ii ICI

maneuver analyses. VI)ANI, has been extensivcl}’ v:lli{i,i!r~~  1)
road tests for a variety of production vehicles.

AT’I’ROA[~}I - 1 he anaiysis  proceeded in tlltcc str{),

]. Anu!nbcr ofptociuction vc})ic]cs,  covcrirl~,  ? I,IIIiI,f  i[( [I

small cconorny to lat~,c luxury cats, were a[i.Iljf,.,..)  1~>

cictern;  ine tllcir lateral perforinancc capat~iliti~,,,,

2!. A 1989  I;ord l,scort w a s  m o d i f i e d  t o  re])t esc[lt :1

nonlinal VLWV.  Modi f ica t ions includcci  ]na~.  p,~~wl{

changes to account fol the addition ofdyna~[lic

subsysl~:lf Is arid data acquisition] equipment, higher

Ilerforlllallc( (Ircs, ittcrtases to the suspension system’s

sp~in:  r;ltcs  a[)(i cialil})ing,  and adciition of variability to . . ‘o

tllc tolsiorlal still ilcss ofthc frorlt antiroll bar,

. ,1 sericf oi’s~rlsili~ity S~LldiCs were conciuctecl  using the

ll~cdil-lc(i  1 SC(II t to show how well it could emulate the

r.trlgc of [Irr  I()[ [rlar(cc f[om the p[-oduction  vchielcs  <tt”
~te[l 1,

‘1 }]( rc~ul[i MCI t ariaiy/ed and usecl to formulate

S]]cuifl{atirms for tile l{equcst For Proposal (1{[}’) that was

iss~lcd ir] Nfarcl]  1996. ILcl<rcllce 2 is tile ccmplete spccific:ition

tha( lcco~l~]mnicd  Ilic I{}:i!
S1’! I;[t’1’i,[) R} ‘SLII  :1’S - ]<efercnce  3 provides a complete

a[(d cu!llpr(’l)c]t$ive  discussioii o f  tile arlalysis ccrnducteci  b y

JI’I . ftuprcscr,  tativc  results are irlclucieci  here to indicate tile

yriclal txi]cctrd 1.3[{:ILil []clfor-]nancc  of the VD7’V.
1 NI[J1,A’’1ON l~. ANCil R}; QUIRl;MllN’1’ - I;iSures  2 and

3 SIICIW the rcwits of [}IC armlysis  of several production vchiclcs

in [Cliiii of roll aiip,l~. :~i](l llr](ictstcer  cocflicient, respecti{e]y -

b(,~lt a< a  f~lrrcl.i(~n oi’ Iatct,ll zicceleratior).  ‘l’he  ran:,e  o f  Lhese
}Err(ll!r(’i{  rs was awuir]cd Itpicsrrltative of  the prociuction fl~t

f o r  th(  t y p e s  of ~elliclcs arl:llyz,ed.  Giw~ t h i s  range,  tlie
qucslioll aliw. (If JviIcllIc] a single vehicie wi th  var iab le

dyrlu nlc sul)syslcl]l  cll:lractcr  istics  could cover it.
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l;ip,urc 3. ‘1’url! Circic !vfanc’uver:  unc[crskcr cocf”l.  \CI>LI  .II  I,

nccelcrfition

MOI)II;l L;I)  l.SCORl’ RIIStJI~l’S -  F i g u r e  4 tlr(l[l;,l “/ 1~1 !r

results  in terms  of tl~c same parameters of tlic lilo~ill”i~ i i .L,li

when subjectcct  to a turn cilcle maneuver in wl]icl] tlIt IV( I.ti,’s

speed is kei)t constant and the steering wheel an[Ilt  ,S I [] ,i.t ,.1

a t  a  unifcmn late unt i l  the linlit l a t e r a l  accelciiiti(lrl I(J:1  IS

reached, In P’ig.urc 4, cliflcrcnt  zmtiroll b a r  cord”l~:i.:111  ~ Ir

simulzrt  cd, inclu dill?,  t h e  liotninal hkcort, wlli( II JILT (.) 11 ;3

f r o n t  antiroll bar, O[her  caws,  f rom one in  Wt,i( 1, II,( :j(i: II .s
of this bar is rcduccd  by a Cactor of six, to 011( ill J! ICI  [III’

stillness is i[lc. rcascd  by a factor of three in cot]jl.ltl{tiur) \ i(i) {l

r-car bar  w i th  the same stiffl~css  also are sitllul.1[:(1  i 1:1 IHt 5

i l l u s t r a t e s  sil]lilar resu l ts  fol a  cont inuous ly  vc!r I;II It ( 1 \ c
.

antlroll bar aild WI IICI1 was used m the spcc II Ic:l Ilt IrI [I{ IiIr I iII II. .

for the vchiclc roll ~,[adiellt.
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l; IpIIIr  5. 111 IN IOIIOII  IdIIp  C rcquircmenl for V1)”I’V with m active
;Irllifoll tmr controlled sys!cm

}  l~,urcs 6:1 {IIILI  61)  lcprcsent  ranp,es o f  undcrstecr  g(zrdicnt

tliat  L ould Ix aclli(vv(i w i th  four -wheel  steerinp,  (4 W S )  a n d

(li[lcl~llt  tire (c)lifi~,ol~itio[is,”  “1’his handling metric is computed

Ibr scver~l  4WS (o!itrol al~orithms: rear  wheel  ang le  ‘ -  Kl ●

}iwI[  wllccl aiI$Ile I K?  ●  y a w  r a t e .  K] is a feecl-forwarci  g,airl

tlla[ oltcrs  tll[’ vc!liclc’s steady-slate response. K2 is a fecciback
y,:lirl ;~ilkcti[lp, bt)tt) []lc s[mcly-state and transient characteristics

Ul ttlc vchic]c [([IcI rus~llts ill i n - p h a s e  r e a r  and f r o n t  w h e e l

aIi:,,lc.  \v}Ic JI ]Io$litivc  (1), and out-of-phase ang,les whco negative

(()). I i~,tlrc  7 slIL~~vs  tlIC spccificatic~n  b o u n d a r i e s  s e l e c t e d  f o r

Illi. l): UilTl)Ck’[  a[l[l ~~,CIICI,IIIY  r e p r e s e n t  t h e  m i n i m u m  a n d

nlaxilllut[l va]ucs  )~itll a n  a d d e d  a p p r o x i m a t e  25 pcrccnt

I l l s ’ y l l l .
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I;igurc  7. l[mulation  range s[)ccifica[iot) of the VIYI ‘I’ ~l,[i, 1.t{  :
coclficicnt

‘i Ite above I c:.ult~  aIe ty])iczrl  of the analyses performed in
slll~l,.lr[  Of tlic v[)” I V slwcification  dcveloplnent. ~’he analyses

ai:o collsidclcd 1[ ,!rlsictlt I csponse charac te r is t i cs ,  w%icb am
(i~,lziilcd ill I<cfc!rl)cr c+, Sil])ilrrr  r e s u l t s  obtail)ecj wit}~ ~)
altetilativt b:l;clillc vrllic]c arc given in Reference 4.

(1’ ‘11}’1{ I’(lNC:”I”IONAI  R} QI_JIIL}iMl;N’1’S

III a(ldii; ol] to tllc dynalnie p e r f o r m a n c e  ( l a t e r a l  a n d

lo{i:,l(~di]};~l) ]uq~lil~lt~c]tts for the VIJI’V, them arc a number of

lll~,r~ :;crlcrai  fun< tiotlal  Icquilcrrlents  imposed on the design in
{)tciel  tlI~t th~ vthiclc satisfy Ihc needs of potential users.

S,i FI!’I Y s,~fu[)’  is of utmost importance in the design

all[l [y)cra[iorl  of tlIc Vi Y’V, 11 wil l be emphasized throughout

IIIC [It{lgtalll. “1 lie systc[n  cotjtractoz  will develop a safety plan
ill M Ilich  botlj }IaIdivaIc  and software safety cri teria wil l  be

{,{ridc  the dcveloprt~ent  of the veh ic le .Sl]ccilicrl  Otld U\cd 10 ~,

\kr ifiu,]tiorl  tvst~ wil I v:lli(late the safety aspects of  the VLYI’V
bLILN L it is accc]~tcd for I15c.  one oveIIiding r e q u i r e m e n t  i s  t h a t

lIIC \J~ IIiclc will IILII Io]l o~fcr on a flat surface.

S[; [] S} ’S’]’[ MS - l<?qrrirernents  f o r  e a c h  d y n a m i c
s~it:s> sterli,  silliila( [{t tllosc of t h e  vchic]e-level requirernent$

ljr]e :ilso  illcluclcd ‘I hcsc requirements included deliverable

i[iy{]r  )[hrns wliicll would ~lrovide  a ful ly functional v e h i c l e
\\l I(II cieli Jfcrtci

,11’I’l;A}{.ANC:[; ‘[ tic VIY1’V  will have the appearance

o]’ a [J[jic;il f i ve . [m<sr l l~ , r t  sedan, Ilccause  it will be used in

liIIIiIa~i  fa(tms rts:wcll ar]d testing, the interior wil l  be kept

z!< r~~lrcsc(ltati}c  L)( tl)i<  class of autotnobiles a s  p o s s i b l e .
S;ifi;l;,  c(jrlsi(lt:r<j[i(li)s  rllay require a rol l  bar or cage f o r  s o m e

ty[ws of tests. lils[i~ll)lct)t:ltioil and data acquisition equipment
v;i[l b( irlSt:![[CLl  il~ :L Itlat)[]c.r to minimiz,e t h e  n~odiflcation o f

tll~ Cil’~
}l\JMAN FA[”I(  )1{S M u c h  of the t e s t i n g  u s i n g  t h e

1’[ )’[’\’ will in\olvc PLLivct/vcl{icle  interactions. For  example, an

idcul o~lplicatloll is a s(u(iy  of collision avoidance technologies

allci h(~[v C} I ivcr~ will IC:IC t to varyirlg dcg,recs of autonomy. The

\’] )’[”\’ SllbSySkl[l’i \v i I I be progralljrnable t o  ;I l o w  user-

SLl[l[l/iL’Ll collision” jvarlling ar]d/or avoidarice  d e v i c e s  a n d

corllirl] algorith]]ls I(I bc tested irt a variety of scenarios. To
a(.c~~rl;ll)o(j:~(c tlli, aIKl o(tw~ icsearch, the subsystems will have

v.ili:il,lc s(nwr-v  1{.dlm(.k  c a p a b i l i t i e s .  A n  e x a m p l e  i s  t h e

stec: iil:l “febl” Sllbsystclrl  wllicir will ~)rovidc  a range from full

ally,ula!  nlcl(~orl lvitl) Iitlle tmque to an essentially 2,ero motion,

t(ll(jlc-corltrollr(l stccririg,

IL] 1 IA II II I’I’Y Kcliability will k stressed in the d e s i g n

of tllc  VIY1 V. Wtlih. a COIIIJ)ICX  vehic!c, it must be available to
uL+cI-. IIlost  o?*, tIc ~ilrl~.; :111 avail a~&ry r e q u i r e m e n t ’  o f  f o u r

Opr<lli(lnal (Iajs a Iv{ck wws specific,!. l’hree provisions were

ill[ Iucii Li to attai{~ dlis dcp,rcc ofrcliabliity:
. <)u;t[ificatioll (Jf ciyllalllic subsystems pri~r to

illtc{:[:lt~orl.
● ,f r(lo(itt(-  kMIg \wI forlllal]ce verification test which

f~+l~;~(~[jl~  L’>:~lc]sc,s  t}IC VI)’I’V ill IJIC ]irnit  pcrfomlance

l~~illle.

* An oilti(l[lai  yct+I- (011: inaintenm~.c  contract.
++!.1 J{ lN’II,l<l)\(.’E - I he Vi)’] V wi l l  be des igned to

J of usrl-supplied equipment .  ‘Iypically,:I(cu  1111  IOdatc Z! Viiricj$

thcst  dcviccs  ~vo(ll(l  incltdc ridirr, Iascr, charged couple dev ice

c: II II.:,1. and 0(1 ICI tjj)c.  f~f scllsors  being developed both for



.-
dollision  vJa[llillg/:~voidar]cc and vehicle auto[llati{lll
AHS’ p r o g r a m .  1( w i l l rrlso p e r m i t  hUIIIaII
instrumentation to be easily installed. Accuriiin;’,1>
l o c a t i o n s  o n  and w i t h i n  t i l e  v e h i c l e  will IIalu r[lt l’lli  III I I ,

e l e c t r i c a l ,  ancl data intcrfacm preilWrllcct.

OPI’1ONS -- Rcco~ni7ing that the complexity ;IIILI  C( ~1 (If

the vehicle are Sigllifictrnt  factors influencin:t  il)[lli~lll(llt [i$ll],
JI’1.  asked proposer-s to provide information (tcc!]l~lc I] .III{I ( t+)
on several opliom as follows:

●

●

●

✎

●

●

●

●

Fully  rrctive suspension
Active antirwll bars
Continuously variable semi-active susl~ct,~i(~ll
I>ynalnica!ly variable tire pressure
I;our-whcc] drive
Changcabic  dashboard
Maintenance con(r-act
‘khic]c replication

Proposers were allowccl to include any of Iii!. sc 0] 1:1{)  v; III

their base proposal.

lMI)L,I;ME;N’I’AI’ION

A twenty -lnonth dcvclopn]ent contract is pla I: II<I.1  J [’1 vi II

manage’ ihe system  contract arid will desigrt and htIIII.1  IIIC  (III

acquisition Sut)systcr]). ‘i’hc latter wi]l inc]ude arl 01] lnl.!t[i {i II
processing capability.

l’he acccptar)cc  test will be conducted at a si:c s< 1< I:(C ~}’
the system contractor. I)clivery of the VIM’V  is CYjMI;l..[i 1< ~ IF.
made to NII’1’SA at the thcil” Whicle ~csear-c]i  aTI.1 ‘lc\[  I. ‘L I(  I

Fast  I ,ibcrty, Ohio.

A(’KNC)\\rl,}  :l)C; Mf;N-l S

‘] I]: IrscaI ch CICSCI  ibcd irl this paper was earl ied out by the

Jct }’r upulsiori I alKII a[[)ly, California lnstitutc  of Ikchno]ogy.
11 w ;:$ sjx)nsc)rcd by the Nat iona l  ilighway Rrflic Safety
A(irl\~l[istr;t(i(~rl (N I [’ISA) through an agreement with the
Na[itlllal  Aerorlau[ics  arlcl S[~ace  Administration. 2’he authors
wish to tharli: o(hvl rrtcrllbcr-s ofthc JPI, VIYI’V  team including
Robe I( Norto~l, Micllac]  Kofli]]an,  Iar-ry  Combes, ancl  Nhan lR
f[u tllc.ir  cent)  ibutio]ls to the work described in this paper.

‘1”1]s ICSC:IICII  was c o n d u c t e d  Lrnder  the t e c h n i c a l  d i r e c t i o n  o f

1 I[yti I?rllcry  of Nt 1“1’SA. ‘1 his paper reflects the findings and

ol,initll)s ofthc au[l]oi~ and rlcjt necessarily those of NII1’SA.
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